Background: The function of many proteins is regulated through post-translational methylation. Results: The previously uncharacterized human methyltransferase FAM86A and its yeast homologue Yjr129c methylate eukaryotic translation elongation factor 2 (eEF2), altering translational frameshifting. Conclusion: Evolutionarily conserved FAM86A methyltransferase modulates the function of eEF2. Significance: The activity of a novel protein-modifying enzyme is discovered and is shown to have functional consequences.
Methylation represents one of the most common biochemical reactions occurring in the cell, catalyzed by methyltransferases (MTases) 3 and involving the transfer of methyl groups from donor to substrate molecules. The most common methyl donor is S-adenosyl-L-methionine (AdoMet), and the human genome encodes over 200 putative AdoMet-dependent MTases, the function of most of which is still unknown (1) . Collectively, the MTases can methylate a wide range of substrates, from simple oxidized arsenic or chloride ions to complex macromolecules, such as nucleic acids and proteins (reviewed in Ref. 2) . Methylation of proteins typically occurs on lysine or arginine residues; however, several other amino acids, such as histidine, aspartate, glutamate, or glutamine, can also be methylated (3) (4) (5) . Lysine can be modified on its ⑀-amino group with either one, two, or three methyl groups, the addition of which decreases the number of potential hydrogen bonds and increases the bulk of the residue yet leaves the overall positive charge unaffected. Lysine methylation can thus influence several aspects of protein function, including stability, enzymatic activity, subcellular localization, interaction with other molecules, and the introduction of additional post-translational modifications (for a review, see Ref. 6) .
Lysine methylation has been extensively studied in the context of histone proteins, where it is usually localized to the flexible N-terminal tail and is read by effector proteins, which regulate chromatin structure and gene expression (for a review, see Ref. 7) . All of the known human MTases involved in histone methylation belong to the SET domain superfamily, with the exception of DOT1L, which contains a seven-stranded ␤-sheet (7BS) core fold characteristic for the largest class of human AdoMet-dependent MTases, the 7BS-MTases (8) . In addition to DOT1L, only four other human 7BS-MTases have been shown to specifically methylate lysine residues: CaM-KMT methylates calmodulin (9) , VCP-KMT methylates p97/VCP (10, 11) , HSPA-KMT methylates HSP70 proteins (11, 12) , and METTL22 methylates Kin17 (11) . These four enzymes are closely related and, together with six other putative human MTases, including the one described in this work, constitute the human members of the so-called MTase family 16 (MTF16) (10) .
The components of the protein translation machinery have long been observed to be modified with methyl groups on lysine residues, from ribosomal proteins to translation factors, both in fungal and mammalian cells (13) (14) (15) (16) ) (for a review, see Ref. 17 ). However, little progress has been made in understanding the functional significance of these modifications or in identifying the responsible MTases. For example, in the span of 3 decades since the first reports of lysine methylation of eukaryotic elongation factor 1A (eEF1A), only two MTases acting on eEF1A lysines have been recently identified in yeast, still leaving several methylated lysine residues without a known MTase (15, 18) .
Eukaryotic elongation factor 2 (eEF2) is a GTPase that catalyzes the translocation of the nascent protein chain from the A-site to the P-site of the ribosome, an essential function of every cell. It is highly conserved throughout Eukarya and also has a functional homologue, elongation factor G (EF-G) in prokaryotes. From yeast to humans, eEF2 is subject to several known post-translational modifications that regulate or adjust its activity, such as the inactivating threonine phosphorylation by an eEF2-specific kinase (19) or the constitutive formation of a unique diphthamide residue through sequential modifications of a histidine residue (for a review, see Ref. 20) . Diphthamide is the target of several bacterial toxins that inactivate eEF2 via ADP-ribosylation, halting protein translation and resulting in cell death (21, 22) . Protein synthesis is a highly energy-consuming process, and the post-translational modification of eEF2 serves as one of the main mechanisms for regulating protein synthesis at the level of elongation, which is crucial for cell survival during stress (23, 24) .
Here we describe a novel modification of eEF2, the trimethylation of a conserved lysine residue (Lys-525 in human/Lys-509 in yeast sequence), which appears to occur throughout the evolutionary tree in humans, rabbits, and rats and in the yeast Saccharomyces cerevisiae. We show the previously uncharacterized human methyltransferase FAM86A and its yeast homologue Yjr129c to be the enzymes catalyzing the corresponding methylation reaction. In addition, knockout of the YJR129C gene in S. cerevisiae cells abolishes eEF2 methylation, proving that Yjr129c is the sole enzyme responsible for this methylation in yeast. Interestingly, lack of eEF2 methylation increases the sensitivity of the yeast toward sordarin, a translation inhibitor that directly targets fungal eEF2; it also increases the occurrence of Ϫ1 ribosomal frameshifting events, indicating that lysine methylation is required for optimal eEF2 function.
EXPERIMENTAL PROCEDURES
Cloning and Mutagenesis-ORFs were amplified with Phusion DNA polymerase (Thermo Scientific). The primers were designed to generate PCR products flanked by restriction sites appropriate for T4 DNA ligase-mediated insertion into the vectors. The vectors used were pET28a (Novagen), pYES260 (obtained from EUROSCARF), pNTAPa (Agilent Technologies), and pcDNA5/FRT/TO (Invitrogen). In addition, to create the pcDNA5/FRT/TO_TAP-FAM86A constructs, two rounds of PCRs were performed, first amplifying the calmodulin binding peptide (CBP) and streptavidin binding peptide (SBP) containing tag (tandem affinity purification (TAP) tag), containing the first 15 nucleotides of FAM86A at the 3Ј-end, and FAM86A, containing the last 15 nucleotides of the SBP tag at the 5Ј-end. These products were then mixed and used as template to amplify TAP-FAM86A with the flanking primers with appropriate restriction sites. Mutagenesis was performed using the PrimerX program to design the mutagenic primers and the QuikChange II site-directed mutagenesis kit (Stratagene). The identity of all constructs was verified by DNA sequencing.
Bioinformatic Analyses-The National Center for Biotechnology Information (NCBI) protein-protein Basic Local Alignment Tool (BLAST) was used for identification of proteins homologous to human FAM86 and eEF2 proteins (25) . For the genomic distribution of human FAM86 genes, data were extracted from Ensembl (26) (release 71, April 2013, human genome assembly GRCh37). Multiple protein sequence alignments were performed using the Muscle algorithm embedded in Jalview (version 2.8) (27) . Secondary structure of proteins was predicted from primary sequence using the PSIPRED algorithm (28) .
Generation and Cultivation of Human Cell Lines-Stable cell lines for inducible overexpression of CBP-SBP-tagged FAM86A (TAP-FAM86A) or of the CBP-SBP tag alone (TAP) were generated using the Flp-In TM T-REx TM -293 system (Invitrogen) according to the manufacturer's instructions. Briefly, Flp-In TM T-REx TM -293 cells were cotransfected with pcDNA5/FRT/ TO containing TAP-FAM86A or TAP and pOG44 (Invitrogen) using FuGENE 6 transfection reagent (Roche Applied Science), and colonies were selected using 200 g/ml hygromycin B (Invitrogen). Cells were thereafter maintained in Dulbecco's modified Eagle's medium (DMEM) (Lonza) supplemented with 10% (v/v) tetracycline-free fetal bovine serum (Clontech), 1ϫ GlutaMAX TM (Invitrogen), and 100 units/ml penicillin and streptomycin (Lonza).
Tandem Affinity Purification-TAP was performed using the InterPlay mammalian TAP system (Agilent) according to the manufacturer's instructions with a few exceptions. Briefly, cells containing either TAP-FAM86A or TAP were induced using 1 g/ml doxycycline (Clontech) for 24 h. The purification of TAP-FAM86A was performed additionally with the inclusion of either 100 M AdoMet or S-adenosyl-L-homocysteine (AdoHcy) in all buffers to examine whether binding of putative substrates may be influenced by the presence of cosubstrate or inhibitor, as reported previously (29) . Proteins were finally eluted from calmodulin resin using NuPAGE gel loading buffer (Invitrogen).
S. cerevisiae Strains, Media, and Growth Assays-Wild-type (WT) BY4742 (MAT␣; his3⌬1; leu2⌬0; lys2⌬0; ura3⌬0) and yjr129c⌬ mutant JEY9581 (MAT ␣; his3⌬1; leu2⌬0; lys2⌬0; ura3⌬0; yjr129c::kanMX4) strains were acquired from Euroscarf. The isogenic strain JEY10800 (Mat ␣; his3⌬1; leu2⌬0; lys2⌬0; ura3⌬0; yjr129c::URA3), which was used to test for paromomycin sensitivity and to confirm sordarin sensitivity, was made by transforming BY4742 with a PCR product consisting of the URA3 cassette flanked by regions of homology toward YJR129C (primer sequences: GAATGAAGATCTATTCTAC-GATAGATTACATCAGCGGTGCCCTGGAAAATACGAG-CAGATTGTACTGAGAGTGC and GTTTCGTGATCTTG-TAGATCCGTATGGGTGCAATCAAAGGTTTGAATTGC-AGGGCCTGGAACAACACTCAACCCTATC). Deletion of YJR129C was confirmed by PCR. Yeast cells were grown in either YPD (1% Bacto yeast extract, 2% peptone, 2% glucose) or synthetic defined medium containing yeast nitrogen base with ammonium sulfate (Sigma-Aldrich), appropriate amino acid dropout mix (Clontech), and 2% glucose. Temperature sensitivity and sensitivity to drugs were assayed by growing the yeast cultures to the same A 600 in YPD and then spotting 200 l of 10-fold serial dilutions onto YPD plates, containing either no drug or one of the following: anisomycin (MP Biomedicals), cycloheximide (Biovision), hygromycin (Invitrogen), nourseothricin (Werner Bioagents), paromomycin sulfate salt (Sigma-Aldrich), rapamycin (Cayman Chemical), or sordarin sodium salt (Santa Cruz Biotechnology, Inc.). The plates were incubated at 25, 30, and/or 37°C for 2-4 days. To assay the sensitivity to sordarin in liquid culture, the yeast strains were grown to an A 600 of 0.22 in YPD at 30°C with shaking at 250 rpm, at which point sordarin was added, and the cultures were allowed to grow further at either 30 or 37°C; A 600 of the cultures was measured at the indicated time points.
In Vitro Methyltransferase Assays-2 g of recombinant His 6 -eEF2 proteins or 50 g of yeast or HEK293 protein extracts were diluted in MTase buffer (50 mM Tris, pH 7.5, 5 mM MgCl 2 , 50 mM NaCl) and treated with 10 -100 pmol of His 6 -FAM86A or His 6 -Yjr129c enzymes in the presence of either 0.5-1 Ci of [ 3 H]AdoMet (for fluorography) or 1 mM cold AdoMet (for mass spectrometry (MS) analysis) for 1 h at 37°C. The reaction was stopped by transfer to ice and the addition of NuPAGE gel loading buffer (Invitrogen). Products of the reaction were resolved on SDS-PAGE and either 1) stained with Coomassie Blue and the band of interest excised for MS analysis or 2) transferred to PVDF membrane (Immobilon), which was subsequently dried, sprayed with En3Hance spray (Perkin-Elmer Life Sciences), and exposed to Eastman Kodak Co. Bio-Max MS film (Sigma-Aldrich) at Ϫ80°C.
Cell Treatment with AdOx-Flp-In TM T-REx TM -293 cells were grown to ϳ80% confluence, and then 20 M AdOx was added, and cells were grown for an additional 18 -24 h. Cells were trypsinized, harvested by centrifugation, and frozen at Ϫ20°C until further use.
Lysis and Fractionation of Lysate-To lyse the Flp-In TM T-REx TM -293 cells, 50 mg of wet cell pellet were resuspended in 200 l of lysis buffer (50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 1% Triton X-100, 5% glycerol, 1 mM DTT, and 1ϫ Complete (EDTA-free) protease inhibitor mixture (Roche Applied Science)) for 10 min at 4°C and then sonicated. To lyse rat tissues, the tissues were frozen in liquid nitrogen and crushed with a mortar and pestle in lysis buffer. To lyse yeast cells, the cultures were harvested at an A 600 of 1.0 and lysed in lysis buffer, with 150 mM NaCl and without Triton X-100, by vortexing with glass beads. Lysates were cleared by centrifugation at 4°C. Relative protein concentrations of the lysates were determined with the NanoDrop 2000 spectrophotometer (Thermo Scientific). For methylation site identification, eEF2 from yeast lysates was partially purified first on cation exchange (S-column) and then on anion exchange (Q-column) as described (30) . To partially purify eEF2 from mammalian lysates, an aliquot of cell lysate (1-2 mg of total protein content) was diluted using dilution buffer (50 mM Tris-HCl, pH 7.6, 1% Triton X-100, 5% glycerol, and 1 mM DTT) to adjust NaCl concentration to 33 mM. Diluted cell lysate was loaded onto a Q-column equilibrated in dilution buffer. Material bound to the column was eluted using dilution buffer with a step gradient of increasing NaCl concentrations. Typically, four 100-l fractions were collected: 0.15Q (between 0.033 and 0.15 M NaCl), eEF2-containing fraction 0.3Q (0.15-0.3 M NaCl), 0.5Q (0.3-0.5 M NaCl), and 0.75Q (0.5-0.75 M NaCl).
MS Analysis-Reverse phase (C18) nano-online liquid chromatographic MS/MS analysis of proteolytic peptides was performed using a system consisting of two Agilent 1200 HPLC binary pumps (nano and capillary) with autosampler, column heater, and integrated switching valve. This LC system was coupled via a nano-electrospray ion source to a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific). In-gel proteolytic digestion was performed with trypsin (Sigma-Aldrich) or AspN (Roche Applied Science). For the analyses, 5 l of peptide solution was injected into the 5 ϫ 0.3-mm extraction column filled with Zorbax 300 SB-C18 of 5-m (diameter) particle size (Agilent). Samples were washed with mobile phase (0.1% formic acid and 3% acetonitrile in water). The flow rate was 10 l/min provided by the capillary pump. After 7 min, the integrated switching valve was activated, and peptides were eluted in the back-flush mode from the extraction column onto a 150 ϫ 0.075-mm C 18 , 3-m resin column (GlycproSIL C18 -80Å, Glycpromass, Stove, Germany). The mobile phase consisted of acetonitrile and MS grade water, both containing 0.1% formic acid. Chromatographic separation was achieved using a binary gradient from 5 to 55% of acetonitrile in water in 60 min. The flow rate was 0.2 l/min provided by the nanoflow pump. Mass spectra were acquired in the positive ion mode, applying a data-dependent automatic switch between survey scan and tandem mass spectra (MS/MS) acquisition. Peptide samples were analyzed with a collision-induced dissociation fragmentation method, acquiring one Orbitrap survey scan in the mass range of m/z 200 -2000 followed by MS/MS of the six most intense ions in the Orbitrap. The target value in the LTQ-Orbitrap was 1,000,000 for survey scan at a resolution of 30,000 at m/z 400, using lock masses for recalibration to improve the mass accuracy of precursor ions.
MS data were analyzed with the in-house maintained human, rat, and yeast protein sequence database and a database containing eEF2 protein sequence using SEQUEST TM . The mass tolerances of a fragment ion and a parent ion were set as 0.5 Da and 10 ppm, respectively. Methionine oxidation and cysteine carbamidomethylation was selected as a variable modification. A false discovery rate of 0.01 was required for proteins and peptides with a minimum length of 6 amino acids. eEF2 un-, mono-, di-, and trimethylated peptide MS spectra were manually searched by Qual Browser (version 2.0.7).
Recombinant Protein Expression and Purification-For the expression of His 6 -tagged methyltransferases, pET28a_ FAM86A and pET28a_YJR129C constructs were transfected into the Escherichia coli BL21-CodonPlus (DE3)-RIPL expression strain (Agilent). Cells were cultured with appropriate antibiotics at 37°C and shaking at 250 rpm until they reached A 600 of 0.6. The temperature was then reduced to 16°C, and the expression of recombinant proteins was induced by the addition of 100 M isopropyl 1-thio-␤-D-galactopyranoside and allowed to proceed for 16 h. Cells were then harvested by centrifugation. Cell pellets were lysed in lysis buffer (50 mM Tris, pH 7.6, 300 mM NaCl, 10% (w/v) glycerol, 30 mM imidazole, 3 mM ␤-mercaptoethanol, 1ϫ Complete protease inhibitor mixture (Roche Applied Science), 0.5 mg/ml lysozyme (Sigma-Aldrich), and 10 units/ml Benzonase (Sigma-Aldrich)) for 30 min on ice and sonicated. The resultant lysates were cleared by centrifugation, and recombinant proteins were allowed to bind to nickel-nitrilotriacetic acid-agarose (Qiagen) at 4°C for 16 h. The resin was washed with wash buffer (50 mM Tris, pH 7.6, 300 mM NaCl, 10% (w/v) glycerol, 30 mM imidazole, 3 mM ␤-mercaptoethanol), and His 6 -tagged proteins were eluted in wash buffer supplemented with 300 mM imidazole. Eluates were buffer-exchanged to storage buffer (100 mM NaCl, 20 mM Tris, pH 6.8, and 1 mM DTT) by sequential concentration and dilution using Vivaspin 20 ultrafiltration columns with a molecular mass cut-off of 10 kDa (Sartorius AG). Proteins were aliquoted and stored at Ϫ80°C. For the expression of His 6 -tagged S. cerevisiae eEF2 proteins, pYES260 constructs were transformed into competent yjr129c⌬ BY4742 yeast using the LiAc/SS carrier method (31) , and transformants were selected on SD ϪUra plates. The cells were cultured at 30°C and shaking at 250 rpm; recombinant protein expression was induced at A 600 of 0.6 by changing from YPD medium to YPG (1% Bacto yeast extract, 2% peptone, 2% galactose); and the cells were further cultured overnight. The cultures were then pelleted; lysed in lysis buffer (50 mM potassium phosphate, pH 7.6, 300 mM KCl, 10 mM imidazole, 1ϫ Complete protease inhibitor mixture (Roche Applied Science), 1 mM DTT) by vortexing with acid-washed glass beads (Sigma); and cleared by centrifugation. The resulting lysates were allowed to bind to nickelnitrilotriacetic acid-agarose (Qiagen) at 4°C for 2 h. The resin was washed with wash buffer (50 mM potassium phosphate, pH 7.6, 300 mM KCl, 20 mM imidazole, 1 mM DTT), and the His 6tagged proteins were eluted with wash buffer containing 250 mM imidazole. The eluates were then buffer-exchanged to storage buffer as described above. Protein concentrations were determined using the BCA protein assay kit (Pierce).
Protein Synthesis Rate-To measure in vivo [ 35 S]methionine incorporation, yeast strains were grown in 20 ml of liquid YPD medium at 30°C to an A 600 of 0.3 and then switched to SD ϪMet/ϪCys medium and grown for an additional 1 h, at which point 600 Ci of Met- 35 S label (Hartmann Analytic) was added. 100 l of the cell suspension was harvested at the indicated time points, pelleted, precipitated in 1 ml of 10% TCA, and filtered through GF/C glass microfiber filters (Whatman). Acid-insoluble radioactivity was measured by liquid scintillation counting using Ultima Gold XR (PerkinElmer Life Sciences).
Luciferase Assay Measurements-Cells from liquid cultures of S. cerevisiae strains grown to A 600 0.4 -0.6 were lysed for 25 s using passive lysis buffer (all reagents from the Promega Dual-Luciferase reporter assay system). Firefly luciferase activity was measured (10-s integration time) using reconstituted luciferase assay buffer in a GloMax 20/20 luminometer (Promega). Renilla luciferase activity (10-s integration time) was determined subsequent to quenching of firefly luciferase activity using Stop & Glo Buffer. Signals were Ͼ100-fold above background. The ratio of firefly luciferase to Renilla luciferase activity is reported. To account for potential differences in translational processivity, the percentage of ribosomal frameshifting of a strain was determined as the ratio of the firefly luciferase/ Renilla luciferase signals of a ribosomal frameshifting site-bearing insert to that of a control sequence. A variant of the previously reported pRS425-iD2000 vector was used, which contains the HIV-1 programmed ribosomal frameshifting site (32) between the Renilla and firefly luciferase ORFs (33) . pRS425-iD2000 contains a high copy number 2 origin, a LEU2 selection marker, a strong glycolytic PGK1 promoter, the dual luciferase reporter cassette, and a downstream CYC1 transcription terminator for mRNA stabilization. The probability (p values) that two populations are the same was tested using Student's t test (two-tailed; assuming groups have unequal variance).
RESULTS
Bioinformatics Analysis of Human FAM86 and Its Homologues-We have previously established several of the human members of MTF16 as lysine-specific protein MTases (KMTs), and in the present work, we set out to elucidate the function of a previously uncharacterized member, FAM86. Whereas the genomes of most mammals have a single FAM86 gene, FAM86 in higher primates (Homininae) is contained within a tumor break-prone segmental duplication region, which has spread to multiple genomic locations (34) . Thus, human FAM86 was reported to display substantial copy number variations, ranging from 17 to 21 copies between the three investigated genomes. In the human reference genome (GRCh37), 15 FAM86 sequences are annotated, distributed between seven chromosomes (Table 1) . Of these, the majority (11) represent nontranscribed pseudogenes, whereas the remaining four, FAM86A, FAM86B1, FAM86B2, and FAM86C1, are annotated as protein coding.
Given the recent appearance of the extra copies of FAM86 genes in humans, it is likely that some of the four annotated FAM86 proteins are non-functional. To investigate which of the four human FAM86 genes encode biologically relevant, functional proteins, we compared the protein sequences with those of predicted proteins from organisms that have a single FAM86 gene. Putative FAM86 homologues appear to be present in all eukaryotes, and an alignment of FAM86 sequences (35) . Also, secondary structure prediction indicated the overall conserved 7BS core fold. In addition, the alignment showed a (D/E)XX(Y/F) motif downstream of Motif II typical of human MTF16 (Fig. 1, A and B) (36, 10) . Two of the four annotated human FAM86 proteins, namely FAM86C1 and FAM86B1, are truncated relative to the vertebrate "consensus" protein of ϳ330 -340 amino acids. FAM86C1 (165 amino acids) is devoid of a substantial part of the 7BS fold, whereas FAM86B1 (296 amino acids) lacks a segment of 34 amino acids in the N-terminal region. In contrast, FAM86A and FAM86B2 are both 330 amino acids long and only differ by 26 point substitutions.
To investigate which of the two proteins, FAM86A or FAM86B2, is likely to represent the ancestral functional sequence, we analyzed the degree of purifying selection. To this end, we generated an alignment of vertebrate FAM86 proteins and assessed which of the 26 substituted residues corresponded to conserved positions (data not shown). Interestingly, 4 of the 26 amino acid substitutions were found at positions conserved in vertebrates, and in all of these cases, FAM86A, but not FAM86B2, adhered to the vertebrate consensus (Fig. 1C ). In conclusion, our initial bioinformatics analysis indicated human FAM86A to be a functional protein with probable orthologues in a wide range of other eukaryotes. Therefore, and also because we were unable to amplify FAM86B2 cDNA from human cells, we chose to focus the experimental part of our study on FAM86A.
Identification of Lys-509 in Yeast eEF2 as a Substrate for FAM86 Proteins-Because other MTF16 MTases have been shown to interact avidly with their substrates, we set out to search for FAM86A substrates among its interaction partners. To this end, we performed tandem affinity purification of TAPtagged FAM86A after inducing its overexpression in a human embryonic kidney cell line (Flp-In 293 T-REx). We reasoned that the binding of FAM86 to a putative substrate may be influenced by the presence of the methyl donor AdoMet or its demethylated counterpart AdoHcy, and the purification buffer was supplemented with either AdoMet, AdoHcy, or no co-substrate, and in all three cases, a protein of ϳ100 kDa was pulled down by the FAM86A bait ( Fig. 2A) . Subsequent MS analysis of the corresponding bands identified the protein as eEF2.
In order to examine whether eEF2 is a substrate for FAM86Amediated methylation in vitro, we required a source of unmethylated eEF2. In agreement with the published literature, our attempts to produce the WT and several truncations of His-tagged human eEF2 in E. coli were unsuccessful, and therefore, we turned to a eukaryotic system for production of unmethylated eEF2. We chose the yeast S. cerevisiae, because eEF2 is highly conserved between humans and yeast, and it has previously been expressed and purified from this organism. Importantly, the S. cerevisiae genome contains a putative FAM86A homologue, Yjr129c, albeit of rather low sequence similarity (27% identity to human FAM86A), and we reasoned that it may be necessary to use a yjr129c⌬ knock-out strain to obtain unmethylated eEF2. First, we investigated whether FAM86A or its putative yeast homologue could methylate endogenous yeast eEF2. To this end, we prepared total cell extracts from the WT and yjr129c⌬ mutant S. cerevisiae strains and incubated them with [ 3 H]AdoMet and the E. coliexpressed recombinant MTase FAM86A or Yjr129c. The products of the reactions were separated by SDS-PAGE and transferred to a PVDF membrane, which was analyzed for incorporated radioactivity by fluorography ( Fig. 2B) . A single radioactive band of ϳ100 kDa, corresponding to the molecular weight of eEF2, appeared in yjr129c⌬ mutant samples treated with either of the MTases but not in the untreated yjr129c⌬ extract. Interestingly, no band appeared in the WT samples, suggesting that in WT S. cerevisiae, the ϳ100-kDa substrate, which is probably eEF2, may already be highly methylated and thus refractory to further methylation. Taken together, these results show that Yjr129c is the functional yeast homologue of FAM86A and suggest that both of these MTases can methylate yeast eEF2.
In order to identify the site(s) of methylation, we partially purified endogenous eEF2 from the WT and yjr129c⌬ mutant yeast strains and subjected it to MS analysis, with or without prior treatment by purified FAM86A or Yjr129c proteins (Fig.  2, C and D) . Importantly, in eEF2 from WT cells, Lys-509 was found exclusively in the trimethylated state, as already suggested by results from Fig. 2B , whereas the same residue in eEF2 from yjr129c⌬ mutant cells was unmodified. In addition, after treatment with either MTase, eEF2 from yjr129c⌬ yeast became fully trimethylated. To investigate whether Lys-509 is the only residue targeted by the MTases, we expressed and purified His 6 -tagged WT or K509A mutant yeast eEF2 from yjr129c⌬ cells. Indeed, WT His 6 -eEF2 was efficiently methylated by both MTases, whereas no methylation of the K509A mutant could be detected ( Fig. 2E) , indicating that Lys-509 is the only possible acceptor site for these enzymes. In summary, the above results show that both Yjr129c and FAM86 are able to trimethylate a single residue in yeast eEF2, Lys-509, and implicate Yjr129c as the yeast MTase responsible for introducing this modification.
Methylation of Human eEF2 by FAM86 Proteins-Next, we wanted to test, in a similar manner, whether the human and yeast MTases were able to methylate human eEF2 because the lysine residue analogous to Lys-509 in yeast eEF2 is present in the human protein (Lys-525). In fact, this lysine appears to be conserved in all eukaryotic eEF2 homologues analyzed, implicating this residue as evolutionarily important. However, we were unable to successfully express human His 6 -eEF2 in yjr129c⌬ yeast cells and therefore chose to use cultured human cells to investigate the methylation of human eEF2. To address whether Lys-525 methylation of eEF2 also occurs in vivo in mammalian cells, we analyzed its methylation status in human HEK293 cells, in rabbit reticulocyte lysate, and in several rat tissues. The MS analysis showed that this residue was present exclusively in the trimethylated state in both human and rabbit cells (Fig. 3A) . The analogous eEF2 lysine from rat kidney and spleen was also fully trimethylated. However, in the brain of the rat, it was substantially hypomethylated; about half was completely unmethylated, and only a third was trimethylated, with small amounts of mono-and dimethylated Lys-525 also present (Fig. 3, B and C) .
In order to investigate whether FAM86A may be responsible for the Lys-525 methylation that is present in human cells, we needed to acquire human eEF2 that was not fully trimethylated. Knockout or knockdown of FAM86A could prove difficult due to the presence of a large number of similar genes and transcripts. To overcome this problem, we treated HEK293 cells with adenosine dialdehyde (AdOx), an agent that indirectly inhibits AdoMet-dependent methyl transfer by blocking the hydrolysis of AdoHcy, the by-product of methylation and competitive inhibitor of AdoMet, creating a hypomethylated envi-ronment in the cell (37) . We then methylated the extracts from these hypomethylated cells with either FAM86A or Yjr129c. Interestingly, both MTases could methylate a ϳ100-kDa protein in the lysate from AdOx-treated cells (Fig. 3D ). MS analysis of the protein confirmed its identity as eEF2 and showed that in the AdOx-treated cells, Lys-525 is found in all states of methylation: unmodified (5%) and mono-(6%), di-(7%), and trimethylated (82%) (Fig. 3E) . Importantly, after incubation of the lysate from AdOx-treated cells with FAM86A, Lys-525 became 100% trimethylated, demonstrating that FAM86A is capable of OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44 JOURNAL OF BIOLOGICAL CHEMISTRY 30505 methylating this site in human eEF2. Recombinant yeast Yjr129c could also methylate human eEF2 to full trimethylation. Interestingly, no radiolabeled eEF2 band was visible in the AdOx-free samples after treatment with either MTase, confirming that eEF2 in these cells is indeed fully methylated at Lys-525, as suggested by the MS analysis (Fig. 3, D and E) . In summary, these results identify Lys-525 in human eEF2 as target of trimethylation and strongly indicate that human FAM86A catalyzes the corresponding methylation reaction in vivo.
Characterization of a Novel eEF2 Methyltransferase
Biological Significance of eEF2 Methylation-In order to evaluate the biological role of eEF2 methylation, we searched for possible phenotypes of the yjr129c⌬ mutant yeast. The translation machinery seemed to be largely unaffected because the growth rate of the yjr129c⌬ strain was comparable with that of WT yeast on YPD both at the optimal growth temperature of 30°C and at 25 and 37°C (data not shown). We have also checked whether total protein synthesis was affected in the yjr129c⌬ yeast by measuring the rate of incorporation of 35 Slabeled methionine and cysteine amino acids into polypeptides in the WT versus knock-out strain (Fig. 4A ). However, no significant difference in translation rate was observed, indicating that methylation of Lys-509 is not critical for efficient protein translation, at least under the growth conditions investigated. and unmethylated (bottom) eEF2-derived peptides from the rat brain. C, eEF2 methylation status in a panel of rat tissues. Chromatograms were gated for different methylation states of AspN-generated Lys-525-containing peptides (as in B) from partially purified eEF2 from rat brain, kidney, and spleen. Relative intensities of signals for the different methylation states are indicated in percentages. A.u., arbitrary units. D, eEF2 from a hypomethylated human embryonic kidney cell line is efficiently methylated by both FAM86A and Yjr129c. A protein extract from HEK293 cells that had either been left untreated (HEK293) or treated with 20 M AdOx to induce hypomethylation (HEK293(AdOx)) was incubated with recombinant FAM86A or Yjr129c in the presence of [ 3 H]AdoMet. The MTase reactions were separated by SDS-PAGE and subjected to fluorography (top) and Ponceau S staining (bottom). E, Lys-525 in human eEF2 is subject to FAM86A-and Yjr129c-mediated trimethylation in vitro. eEF2 was partially purified from extracts from untreated and AdOx-treated cells and then subjected to LC-MS/MS analysis. When indicated, eEF2 had been incubated with recombinant Yjr129c or FAM86A in the presence of AdoMet. Chromatograms were gated for different methylation states of trypsin-generated Lys-525-containing eEF2 peptides (as shown in A). Arrows, peptides of interest; *, unrelated peptides. Relative intensities of signals for the different methylation states are indicated in percentages for the hypomethylated cell line.
When comparing growth on YPD plates containing drugs that inhibit protein translation, the yjr129c⌬ mutant did not exhibit altered sensitivity to rapamycin, cycloheximide, nourseothricin, and hygromycin at 30°C or to paromomycin and anisomycin at either 30 or 37°C (data not shown).
However, at 37°C, but not at 30°C, the mutant strain was more sensitive than the WT to the antifungal eEF2-specific translation inhibitor sordarin (Fig. 4B ). Sordarin is a naturally occurring antifungal compound that binds to eEF2 in a cleft in close proximity to Lys-509 and negatively impacts translation by locking eEF2 onto the ribosome (38, 39) . Altered sordarin sensitivity was confirmed by monitoring the rate of growth of the yjr129c⌬ mutant in liquid YPD medium containing 0, 5, or 10 g/ml sordarin. At 37°C, the mutant strain exhibited a considerably slower growth rate than the WT in the presence of sordarin but not in YPD alone (Fig. 4C) .
To investigate whether methylation may have an effect on the accuracy of translation in yeast, we used a dual luciferase assay measuring programmed Ϫ1 ribosomal frameshifting of the human immunodeficiency virus (HIV-1) gag-pol site, or programmed ϩ1 ribosomal frameshifting of the yeast Ty1 retrotransposable element (32) . In this assay, Renilla and firefly luciferase cDNAs are separated by a frameshifting site or a control sequence (33) ; their relative ratio allows quantification of ribosomal frameshifting. The control sequence was used to account for effects of the insert sequence on luciferase stability/ activity or potential differences in ribosomal processivity. Fig.   4D shows the relative percentage in frameshift as compared with controls. The accuracy of translation was unaltered in the Ty1 ϩ1 context, yet the yjr129c⌬ mutant displayed increased ribosomal frameshifting in the HIV-1 context, suggesting that Lys-509 methylation may maintain translational accuracy by preventing Ϫ1 ribosomal frameshift.
DISCUSSION
In this work, we have established that the previously uncharacterized human MTase FAM86A specifically trimethylates Lys-525 in eEF2 and that the yeast enzyme Yjr129c targets the corresponding residue in yeast eEF2 (Lys-509). Moreover, Yjr129c-deficient yeast displayed increased ribosomal frameshifting and sensitivity toward the eEF2-specific drug sordarin, indicating that this methylation is functionally important. In yeast, two MTases acting on translation elongation factors have been identified previously (Efm1 and Efm2) (18, 40) , and accordingly, we rename Yjr129c as Efm3 (elongation factor methyltransferase 3); based on the human lysine MTase nomenclature, we redub FAM86A as eEF2-KMT.
The modified lysine in eEF2 lies in domain III of the protein, on the outer surface of a highly conserved ␣-helix (39) , and appears to be present in eEF2 homologues from all eukaryotic organisms. eEF2-KMT homologues are also predicted to exist across the eukaryotic branch of the evolutionary tree, and the conservation of both the methylated residue and the methyltransferase suggests an important role for the modification. (n ϭ 4) . B, hypersensitivity of the yjr129c⌬ yeast strain to sordarin on solid medium at 37°C. Dilutions of WT yeast cells and two independently derived yjr129c⌬ mutants (JEY9581 (yjr129c⌬) and JEY10800 (yjr129c⌬*)) were grown on YPD plates containing 5 g/ml sordarin at 30 or 37°C for 3 days. C, hypersensitivity of the yjr129c⌬ yeast strain to sordarin in liquid medium. The graph shows the growth of the WT and yjr129c⌬ (JEY9581) strains in liquid YPD medium containing 0 g/ml (wt0 and ⌬0), 5 g/ml (wt5 and ⌬5), or 10 g/ml (wt10 and ⌬10) sordarin over a period of 24 h at 37°C. Error bars, range of duplicates. D, dual luciferase assays investigating the effects of YJR129C deletion on ribosomal frameshifting. YJR129C deletion significantly alters programmed ribosomal frameshifting of the HIV-1 gag-pol but not the Ty1 ϩ1 site, relative to the luciferase activity of control sequences, which was unaffected. n ϭ 3; mean Ϯ S.D.; **, p Ͻ 0.01; n.s., not significant.
Interestingly, although the translational machinery is highly conserved between the prokaryotes and eukaryotes, the modified lysine is absent in the prokaryotic eEF2 homologue, EF-G, and prokaryotes also do not appear to have an MTase with homology to eEF2-KMT.
Previously, we and others have unraveled the function of the four human MTF16 members C2orf34 (CaM-KMT), METTL21D (VCP-KMT), METTL21A (HSPA-KMT), and METTL22 (KIN-KMT), showing that these enzymes target specific Lys residues in calmodulin, valosin-containing protein (VCP), 70-kDa heat-shock proteins (HSPA), and the DNA repair protein Kin17 (KIN), respectively (9 -12) . Thus, the five human MTF16 members characterized thus far (including eEF2-KMT) are lysine-specific, and it is likely that this activity is shared by some of the five remaining uncharacterized human proteins in this family. However, S. cerevisiae Yil110w, which is the putative yeast orthologue of one such protein, METTL18, was recently shown to be a histidine-specific MTase targeting the ribosomal protein Rpl3, indicating that the human MTF16 may not exclusively comprise KMTs (41) .
The human MTF16 enzymes characterized thus far share some interesting features; they appear to target a single lysine residue in a single protein (or in a group of highly similar paralogues), and they have a strong affinity for their targets, which are highly abundant cellular proteins. Regarding the latter, the methods used are biased toward the identification of abundant substrates, so one should not exclude the possibility that additional substrates can be found among other, less abundant proteins. On a different note, it is interesting that Efm3 and eEF2-KMT proved to be functional orthologues despite their limited sequence similarity (27% identity). For example, human HSPA-KMT and VCP-KMT, which are considerably more similar (37% identity), have different functions, underscoring that prediction of functional orthology from sequence similarity is non-trivial.
Yeast carrying inactivating mutations in genes in the evolutionarily conserved diphthamide biosynthesis pathway (DPH1-DPH7), are devoid of the diphthamide modification in eEF2. Most of these mutants lack an obvious growth or protein synthesis phenotype, but, like the efm3⌬ mutant, they exhibit increased ribosomal frameshifting and display altered sensitivity to certain translation elongation indicator drugs, especially under thermal stress (42) . In mice, however, the loss of single DPH genes leads to abnormal embryonic development and even lethality (43, 44) . No studies have reported any phenotypes or genetic disorders associated with eEF2-KMT inactivation, but it was recently reported that inactivation of another, yet uncharacterized, human MTF16 member, METTL23, caused intellectual disability (45, 46) .
Although we did not directly investigate whether the GTPase activity of eEF2 was influenced by lysine methylation, the overall protein synthesis rate was unaffected in the efm3⌬ mutant yeast, suggesting that GTPase activity is unlikely to be significantly affected. Similarly, previous studies have found that methylation of two chaperone ATPases, Hsp70 and VCP, by their respective MTF16 KMTs did not greatly affect their ATPase activity (10, 12) .
The efm3⌬ mutant yeast displayed hypersensitivity toward the naturally occurring antifungal translation inhibitor sordarin, which specifically binds to eEF2 from certain species of fungi and locks it on the ribosome, stalling protein synthesis and leading to cell death. This indicates that the methylation state of Lys-509 affects the interaction of S. cerevisiae eEF2 with sordarin, and, accordingly, sensitivity toward this drug has been found to be determined by the sequence of amino acids in the "sordarin specificity region" (residues 517-524 in S. cerevisiae eEF2) at the entrance to the sordarin binding cleft (47) , which is in close proximity to the Lys-509 in the three-dimensional structure of eEF2 (39) .
When examining the positioning of the methylated lysine in various structures of eEF2 in complex with the ribosome, it becomes clear that this residue is facing the ribosomal protein RPS23, where it may contact a conserved asparagine residue (Asn-99 in S. cerevisiae). Interestingly, RPS23 homologues from E. coli and S. cerevisiae have long been established as "accuracy centers" of the ribosome, with various mutations contributing to either increased or decreased accuracy of translation (48, 49) , and, recently, the hydroxylation of RPS23 was found to be critical for translational fidelity (33) . Together with our observation that the lack of Lys-509 methylation in yeast eEF2 promotes Ϫ1 ribosomal frameshifting, this suggests that the eEF2-RPS23 interaction may indeed be affected in the efm3⌬ mutant yeast and that eEF2-KMT/Efm3-mediated methylation of eEF2 may play an important role in optimizing its interaction with RPS23.
Methylation of ribosomal proteins and other proteins involved in translation is common in both eukaryotes and prokaryotes, and some of these methylations appear to be dynamic and may be of regulatory importance. For example, the extent of ribosomal protein methylation has been shown to vary with the cell cycle in synchronized HeLa cells (50) , and the degree of monomethylation of ribosomal protein RPL29 at a lysine residue has been shown to vary in different rat tissues, from almost complete monomethylation in the brain to only 27% methylation in the liver (51) . Also, eEF1A, which is responsible for delivering tRNAs to the ribosome, displays altered lysine methylation status during germination in Mucor racemosus (52) and in 3T3B mouse cells upon transformation with the simian virus SV40 (16) , suggesting that methylation of this elongation factor may be of regulatory importance. Although we detected eEF2 exclusively in the trimethylated state in most of the tested mammalian cells and tissues, we found eEF2 to be largely hypomethylated in the rat brain. Clearly, future research should address whether this variability in eEF2 methylation reflects a regulatory mechanism. Moreover, numerous lysine-specific demethylases have been discovered during the last decade, targeting primarily histones but also other proteins, and it will be of great interest to study if any of these can demethylate eEF2.
While the present work was in the process of being submitted for publication, an article appeared in the literature reporting findings similar to part of the current work, showing that Yjr129c from S. cerevisiae is responsible for methylating Lys-509 in yeast eEF2 (53) .
